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The fictive temperature T F dependence of the density of vitreous silica has been studied using a molecular dynamics simulation. The density slightly decreases with increasing T F at T F < T Ã . At a T F > T Ã , the -T F curve becomes convex, which is qualitatively the same as the experimental evidence. The density at any T F is greater than that before quenching, at which point the sample had been equilibrated at T ¼ T F . At T F > T Ã , the difference in the density at T F and the correspsonding temperature T ¼ T F is rather large compared to those at T F < T Ã . This is due to the creation of overcoordinated structures. [DOI: 10.1143/JJAP.44.7550] KEYWORDS: silica glass, fictive temperature, density, molecular dynamics simulation Vitreous silica (v-SiO 2 ) exhibits an unusual densitytemperature (-T) dependence:
1) At T > T Ã , the -T curve is convex with a peak at T p . At T < T Ã , the density is a decreasing function of temperature. The trace of such a -T dependence also remains after quenching v-SiO 2 at room temperature (RT). The temperataure T F at which the glass structure is equilibrated is called the fictive temperature (FT) . The density at FT of T F can be determined by measuring the density of a thin slab of v-SiO 2 which had been quenched by dropping it into water after holding it at T ¼ T F for a sufficiently long time. The density of this specimen is assumed to be its density at FT.
Brückner measured the FT dependence of the density of v-SiO 2 .
1) He showed that the density of v-SiO 2 has a maximum at T F % 1450 C. This phenomenon has been reproduced by molecular dynamics (MD) computer simulations.
2-4) Perchack and O'Reilly 2) reproduced the volume minimum, which corresponds to the density maximum, using a pair-additive potential with a screened Coulomb term. 5) In their results, the volume-temperature curve depends on the cooling and heating rates. This is because the holding time at each temperature was too short to equilibrate the system.
4)
Yamahara et al.
3) also reproduced the volume minimum using a pair-additive potential with an exact Coulomb interaction term. We compared the effects of the potential terms for reproducing the volume minimum. 4) We compared four types of potentials: (i) a pair-additive potential with a screened Coulomb term, 5) (ii) a pair-additive potential with an exact Coulomb term, 3) (iii) a potential containing a threebody term to exactly reproduce the SiO 4 tetrahedra with a screened Coulomb term, 6) and (iv) a potential containing the three-body term with an exact Coulomb term. 7) We concluded that the pair-additive potential with an exact Coulomb term that appeared in ref. 3 is appropriate for reproducing the volume minimum. The validity of the simulation results using an empirical potential is, however, an open question. As mentioned above, the potential used in ref.
3 is appropriate at least for reproducing the volume minimum. In this work, we confirmed that the potential can reproduce the FT dependence of the density.
As mentioned above, the -T F curve has a maximum. This phenomenon has not yet been reproduced by the MD simulation. We therefore studied the FT dependence of the density of v-SiO 2 using MD simulations.
The same potential used in ref.
3 was used. The potential contains the Coulomb, short-range repulsion, dispersion and Morse potential terms as
where e is the elementary electronic charge, 0 is the dielectric constant of vacuum, and r ij is an interatomic distance. The other parameters that appear in eq.
(1) are for atomic species, that are described in refs. 3 and 4. The Morse potential terms are only applied for the different atomic species. The temperature was controlled by the scaling method, and the equation of motion was integrated using the velocity Verlet method with a time step of 0.5 fs, as in the previous paper.
Starting from a cubic unit cell of -cristobalite containing 648 particles (216 Si and 232 O atoms), the silica was stepwise heated from 300 to 7000 K at a heating rate of 500 K/100 ps. The system was then stepwise cooled to 400 K at a cooling rate of 200 K/100 ps. The system was quenched down to 300 K after staying at each temperature for 100 ps. The densities were calculated 100 ps after quenching the sample. The obtained densities for ten samples with different initial conditions were averaged. Figure 1 shows the temperature dependence of the density of v-SiO 2 before and after quenching. The density-temper- ature curve is the same as in our previous paper. 4) Density is a decreasing function of temperature at temperatures higher than T p (¼ 4800 K) at which density has a maximum. Between T Ã (¼ 3800 K) and T p , density is an increasing function of temperature. At T ¼ T Ã , density has a minimum. At T < T Ã , density is a decreasing function of temperature. The change in density at T Ã < T < T p is due to bond breaking, which becomes active at T > T Ã . 4) Bond breaking can be seen from the fraction of the coordination numbers. We shall represent n-oxygen-coordinated silicon as Si n and m-silicon-coordinated oxygen as OSi m , and the fractions of the atoms with these coordination numbers as f SiO n and f OSi m , respectively. The temperature dependence of the coordination numbers have been reported in our previous paper.
4) At T < T Ã , f SiO 4 and f OSi 2 are unity. At T > T Ã , on the other hand, f OSi 2 becomes smaller than unity. 4) At the same time, the distance between neighboring Si atoms becomes smaller with increasing temperature; this has been shown in the previous paper 4) in which the Si-O-Si bond-angle distribution extends towards shorter angles (Fig. 5 of ref. 4) . At T > T p , density again decreases with increasing temperature. At these temperatures, the O-Si-O and Si-O-Si bond angle distributions become broader 4) accompanied with a decrease in f SiO 4 and f OSi 2 . These phenomena correspond to the dilatation due to the change in the population of the defects or broken bonds.
After quenching, the shape of the -T curve is similar to that before quenching. The density after quenching at each temperature is higher than that before quenching. At T < T Ã , the density after quenching at each temperature is slightly greater than that before quenching. This is simply due to the thermal shrinkage during the quenching process. At T > T Ã , the change in density is greater than that at T < T Ã . At T > T Ã , the dangling bonds can move more freely and quickly compared to those at lower temperatures. During the quenching process, some of the bonds can rebind. The rebinding strongly depends on the instantaneous structures and the motion of the atoms before quenching. Figure 2 shows the fictive temperature dependence of the fraction of each coordination state. At T F > T Ã , f SiO 4 is unity as in the case before quenching, which shows that almost all the silicon atoms form the SiO 4 structure. At T F > T Ã , on the other hand, the overcoordinated structures SiO 5 and OSi 3 , which did not exist before quenching, 4) are observed. The existence of the overcoordinated atoms must be the origin of the large change in the density at T > T Ã . Almost no SiO 5 was observed at T > T Ã in our previous study 4) when using the same potential as in the present study. As for OSi 2 , on the other hand, the fraction is approximately 0.9 at T < T Ã even though that before quenching is approximately unity.
As shown in Fig. 2 , OSi 3 exists in addition to OSi 1 . OSi 3 did not exist before quenching.
4) Although almost all Si atoms are coordinated by four oxygen atoms at T < T Ã , a variety of coordination states of O atoms, OSi 1 , OSi 2 and OSi 3 , exists. The variety of coordination states of the O atoms could be due to the nature of the pair-additive potential because any chemical bonds between the Si and O atoms can be formed unless a sterific hindrance exists.
In summary, we studied the FT dependence of v-SiO 2 using classical MD simulations with a pair-additive potential. The concave distribution of density versus FT, which has been experimentally shown by Brückner, was reproduced. 
